. L-selectin shedding is activated specifically within transmigrating pseudopods of monocytes to regulate cell polarity in vitro.
Edited by Jason G. Cyster, University of California, San Francisco, CA, and approved February 10, 2015 (received for review September 4, 2014) L-selectin is a cell adhesion molecule that tethers free-flowing leukocytes from the blood to luminal vessel walls, facilitating the initial stages of their emigration from the circulation toward an extravascular inflammatory insult. Following shear-resistant adhesion to the vessel wall, L-selectin has frequently been reported to be rapidly cleaved from the plasma membrane (known as ectodomain shedding), with little knowledge of the timing or functional consequence of this event. Using advanced imaging techniques, we observe L-selectin shedding occurring exclusively as primary human monocytes actively engage in transendothelial migration (TEM). Moreover, the shedding was localized to transmigrating pseudopods within the subendothelial space. By capturing monocytes in midtransmigration, we could monitor the subcellular distribution of L-selectin and better understand how ectodomain shedding might contribute to TEM. Mechanistically, L-selectin loses association with calmodulin (CaM; a negative regulator of shedding) specifically within transmigrating pseudopods. In contrast, L-selectin/ CaM interaction remained intact in nontransmigrated regions of monocytes. We show phosphorylation of L-selectin at Ser 364 is critical for CaM dissociation, which is also restricted to the transmigrating pseudopod. Pharmacological or genetic inhibition of L-selectin shedding significantly increased pseudopodial extensions in transmigrating monocytes, which potentiated invasive behavior during TEM and prevented the establishment of front/back polarity for directional migration persistence once TEM was complete. We conclude that L-selectin shedding directly regulates polarity in transmigrated monocytes, which affirms an active role for this molecule in driving later stages of the multistep adhesion cascade.
calmodulin | invasion | leukocyte | migration | biglycan T he passage of leukocytes from the circulation toward the surrounding extravascular space is a critical event in the inflammatory response (1) (2) (3) . The multistep adhesion cascade defines the increasingly adhesive steps leukocytes make with the endothelium to exit the circulation and enter the surrounding microenvironment (4) . Each step of the cascade [tethering, rolling, slow rolling, firm adhesion, and transendothelial migration (TEM)] critically depends on cell adhesion molecules expressed on both leukocytes and endothelial cells. Such cell adhesion molecules have been identified and characterized to act in a sequential and interdependent manner. The molecular mechanism driving leukocyte integrin function during the multistep adhesion cascade is relatively well defined (4) (5) (6) . In contrast, mechanisms underpinning the regulation of nonintegrin receptors are only beginning to emerge. One such example, L-selectin, is known to promote the initial tethering and subsequent rolling of leukocytes along activated endothelial cells (7) . Knocking out L-selectin in mice has provided compelling evidence for this cell adhesion molecule in directing neutrophils toward sites of inflammation (8) . Intriguingly, knocking out L-selectin has a dramatic impact on neutrophil chemotaxis in vivo, but the molecular basis for this observation remains elusive (9) . Following firm adhesion, L-selectin is broadly considered to be proteolytically cleaved (or shed) at a defined extracellular membrane/ proximal domain by membrane-associated matrix metalloproteinases (10) . The best-characterized "sheddase" is a disintegrin and metalloproteinase (ADAM17; or TNF-α concerting enzyme) (11) . Shedding of L-selectin hinges on its interaction with calmodulin (CaM); binding of CaM to L-selectin protects from shedding, and leukocyte activation leads to CaM dissociation from the L-selectin tail to drive shedding (12) . What promotes CaM dissociation is not known, but mutating the L-selectin tail can have a profound impact on the shedding response (13) (14) (15) . L-selectin shedding is a rapid event, and the biological significance of its outcome may be numerous (10) . In respect to leukocyte recruitment, L-selectin shedding would rapidly halt any further contribution of this molecule toward cell adhesion, signaling, or migration. The timing of L-selectin shedding is therefore critical in relation to input signals derived from other surface receptors contributing to the same cellular event (7). Our understanding of coordinated receptor signaling during TEM is extremely poor,
Significance
During an inflammatory response, L-selectin, an immune cellspecific adhesion molecule, guides monocytes from the bloodstream toward the surrounding extravascular environment (termed "transmigration"). We show, under conditions that mimic blood flow, that L-selectin is proteolytically cleaved (or shed) exclusively within leading migratory fronts (pseudopods) of actively transmigrating monocytes. Calmodulin/L-selectin interaction, which acts to block shedding, is lost through Ser phosphorylation of the L-selectin cytoplasmic tail, occurring specifically within transmigrating pseudopods. Blocking L-selectin shedding specifically during transmigration increases pseudopod numbers, leading to defective front/back polarity that is essential for migration. These findings are the first to report, to our knowledge, an extended role for L-selectin in regulating morphological changes in leukocytes that are required for migration.
mainly because insight into the molecular regulation of each individual cell adhesion molecule is still lacking.
The contribution of L-selectin to the multistep adhesion cascade has been defined through two major experimental approaches: function-blocking studies (using soluble ligand or monoclonal antibody) and gene KO/knock-in mice. Such studies have built the foundation of our knowledge of the adhesion cascade. However, these approaches limit our understanding of where the targeted molecule's first nonredundant step is required. Direct imaging of cell adhesion molecules in space and time, during recruitment under flow conditions, can provide additional clues beyond the first nonredundant point of execution. Here, we have used a series of advanced imaging techniques to pinpoint where and when L-selectin is cleaved during the multistep adhesion cascade. Using primary human monocytes, we reveal the shedding event was occurring specifically during TEM and not before. Through stable expression of WT and mutant forms of L-selectin tagged to GFP or red fluorescent protein (RFP), we could define the shedding event on a mechanistic level in THP-1 cells. Fluorescence lifetime imaging microscopy (FLIM) enabled quantitative measurement of the fluorescence resonance energy transfer (FRET) efficiency between L-selectin-GFP and CaM-RFP, allowing us to monitor the subcellular distribution of their interaction during TEM. We show, for the first time to our knowledge, that L-selectin shedding can regulate the invasive behavior of monocytes crossing activated endothelial monolayers under flow. Furthermore, we show that polarity in transmigrated monocytes is disrupted if shedding of L-selectin is blocked. Taken together, these results reveal previously unidentified roles for L-selectin that extend beyond tethering and rolling.
Results

Polarized Shedding of L-Selectin Occurs in Primary Human Monocytes
Undergoing TEM. To determine the spatiotemporal distribution of L-selectin during TEM, primary human monocytes were labeled with leukocyte adhesion molecule-1 14 (LAM1-14) monoclonal antibody directly conjugated to Alexa Fluor 555. LAM1-14 is a non-functionblocking monoclonal antibody that recognizes the extracellular EGFlike domain of L-selectin, but not its C-type lectin domain (16) . Monocytes were perfused over TNF-activated human umbilical vein endothelial cells (HUVECs), and L-selectin expression was monitored in real-time by fluorescence time-lapse microscopy. From the point of capture to activated endothelial cells, monocytes completed TEM at an average time of 5 min ( Fig. 1 A and B) and lost L-selectin expression exclusively during TEM, but not before ( Fig. 1C and Movie S1). Transmigration under static conditions took 8 min (Fig.  S1A) , with the extra time dedicated to more crawling before TEM. To verify that LAM1-14 antibody did not interfere with L-selectin expression during TEM, unlabeled monocytes were perfused under similar conditions, and were subsequently fixed, permeabilized, and stained for F-actin and L-selectin. Confocal microscopy revealed that all of the monocytes arrested on the apical surface of the endothelium were L-selectin-positive but all fully transmigrated cells were L-selectin-negative. This observation was reversed if the monocytes were pretreated with 10 μM sheddase inhibitor, TNF-α protease inhibitor-0 (TAPI-0) ( Fig. 1 D and E) . To investigate where and when L-selectin shedding was occurring in more detail, primary monocytes were perfused over TNF-activated HUVECs for shorter periods (3-6 min) and immediately fixed and stained with phalloidin, anti-vascular endothelial (VE)-cadherin, and LAM1-14 antibody. In all cases, L-selectin expression was detected in monocyte pseudopods protruding beneath the endothelial monolayer (Fig. 1F, Fig. S1B , and Movie S2). These results strongly suggest that the loss of L-selectin expression is occurring specifically within pseudopods protruding beneath the endothelial monolayer and not before. Moreover, they imply that L-selectin may actively participate in steps of the adhesion cascade that extend beyond tethering and rolling.
Generation of THP-1 Monocyte Cell Line Stably Expressing L-Selectin-GFP. To interrogate the molecular basis of our observations, we generated monocyte-derived THP-1 cells stably expressing WT L-selectin-GFP (Fig. S2A) . THP-1 cells do not express endogenous L-selectin, providing a clean background in which to study L-selectin-GFP. Transduced cell lines were subjected to rigorous cell biological and biochemical characterization to ensure that C-terminal tagging of L-selectin to GFP did not interfere with function. SEM demonstrated that, irrespective of L-selectin-GFP expression, THP-1 cells presented abundant microvilli under resting conditions (Fig. S2B) . Immunogold labeling of L-selectin showed that the majority of L-selectin was enriched on microvilli ( Fig. S2B) , as has been shown previously for endogenous L-selectin on numerous primary leukocytes (17) . Endogenous CaM was coprecipitated with L-selectin-GFP from whole-cell lysates, demonstrating interaction with known binding partners (Fig. S2C,  lane 2) . The ezrin-radixin-moesin (ERM) family members ezrin and moesin are known binding partners of L-selectin (18, 19) . Coexpression of L-selectin-RFP with either N-terminal moesin-GFP or ezrin-GFP led to detectable FRET measured by FLIM (Materials and Methods and Fig. S2D ), again suggesting the tag was noninterfering. Perfusion of L-selectin-GFP-positive THP-1 cells over a series of increasing sialyl Lewis X (sLe x ; a known ligand for L-selectin) densities led to dose-dependent decreases in rolling velocity and concomitant increases in rolling flux (Fig. S2E ). In keeping with a previous study that used U937 cells (20) , increased recruitment to TNF-activated HUVECs was observed in THP-1 cells expressing L-selectin-GFP under flow conditions, but not in cells expressing equivalent levels of GFP alone (Fig. S2F) . Confocal microscopy revealed THP-1 cells undergoing bona fide TEM, breaching VE-cadherin-positive junctions and transmigrating beneath the HUVEC monolayer (Fig. S2G) . Note that THP-1 cells are too large to undergo full TEM, which makes them an excellent model for studying the molecular events regulating TEM. Treatment of THP-1 cells with phorbol ester (Fig. S2H) or coculture with TNF-activated HUVEC monolayers (Fig. S2I ) led to robust L-selectin shedding, as judged by Western blotting of the GFP tag. Taken together, these data show that L-selectin-GFP behaves as expected for untagged L-selectin, and thus provides a suitable model for interrogating the molecular events driving the shedding response during TEM.
WT L-Selectin-GFP Is Organized into Clusters Within Transmigrating Pseudopods. Analysis of primary human monocytes showed L-selectin shedding occurred only in cells undergoing TEM (Fig. 1) . To probe this finding in more detail, THP-1 cells expressing WT L-selectin-GFP or GFP alone were fixed in 4% [(vol/vol) in PBS] paraformaldehyde (PFA) following 6 min or 15 min of perfusion over TNF-activated HUVECs to reflect early and later phases of TEM. As time progressed, WT L-selectin appeared to be organized into GFP-positive "spots" within pseudopods protruding beneath the endothelial monolayer. The number of L-selectin-GFP spots increased over time, and they were located specifically in the transmigrated pseudopods, which did not appear in cells expressing GFP alone (Fig. 2 A-C) . These spots were reminiscent of the L-selectin clusters seen in pseudopods protruding beneath the endothelium in primary monocytes ( Fig. 1F and Fig. S1B ). To quantify the extent of L-selectin clustering in THP-1 cells undergoing TEM, L-selectin-RFP was introduced into THP-1 cells expressing L-selectin-GFP and clustering was analyzed in transmigrating cells by FRET/FLIM. A significantly higher degree of L-selectin clustering was seen in transmigrated pseudopods compared with the area of the monocyte that remained above the endothelium (Fig. 2D) . To determine if the GFP spots were full-length or cleaved forms of L-selectin, THP-1 cells expressing only L-selectin-GFP were perfused and fixed as before, and subsequently counterstained with LAM1-14 antibody. The degree of colocalization between the GFP (intracellular) and LAM1-14 (extracellular) signals was used to measure the extent of L-selectin shedding in THP-1 cells undergoing TEM (Fig. 2E ). Using Manders' colocalization coefficiency (21) , above and below the endothelium, revealed a significant decrease in the degree of overlap specifically within the transmigrated part of the cell (Fig. 2F ).
Cells expressing a deletion mutant of L-selectin-GFP called ΔM-N, which resist shedding in response to cell activation (22) , were used to monitor differences in subcellular distribution with WT L-selectin-GFP. First, as predicted, no change in the colocalization between LAM-1 and GFP signals was seen in transmigrating THP-1 cells expressing ΔM-N L-selectin-GFP (Fig. S3) . Interestingly, the number of GFP-positive spots within transmigrating pseudopods increased over time in cells expressing WT, but not ΔM-N L-selectin (Fig. 2G ). Taken together, this observation would suggest that WT L-selectin is potentially corralled into spots before it is cleaved. Spinning disk confocal microscopy also confirmed in real time that these spots appeared only in the WT cells undergoing TEM under flow conditions (Movie S3).
Subendothelial Glycans Promote Clustering of L-Selectin. In addition to binding sLe x , L-selectin can bind to chondroitin, dermatan, and heparan sulfate proteoglycans (HSPGs) (23) (24) (25) (26) . The recent identification of an increasing HSPG gradient toward the basolateral aspect of endothelial cells (27) led us to explore whether biglycan, a known ligand for L-selectin (25) , was expressed in HUVECs. Western blotting and confocal imaging confirmed this to be the case. Moreover, protein levels did not change following TNF stimulation ( Fig. 2 H and I and Fig. S4A ). In keeping with previous findings (27) , confocal imaging of extracellular biglycan was expressed in higher densities in the basolateral aspect of the endothelium (Fig. S4B ). THP-1 cells expressing L-selectin-GFP/ RFP enabled direct quantitation of clustering on purified immobilized biglycan through FRET/FLIM analysis. A significant dose-dependent increase in clustering of WT L-selectin, but not ΔM-N L-selectin, was observed under these conditions (Fig. 2J) , further supporting the concept that subendothelial glycans can cluster L-selectin.
Monitoring CaM/L-Selectin Interaction in Monocytes During TEM Under Flow. The shedding of L-selectin hinges on its interaction with CaM (12) . To address the molecular mechanism driving L-selectin shedding, THP-1 cells expressing WT L-selectin-GFP were stably transduced with CaM-RFP and perfused over TNFactivated HUVECs for 6 min, followed by continued perfusion with medium for a further 19 min. These times correspond to periods of minimum and maximum shedding, respectively (as estimated from Fig. S2I ). Cells were then fixed and analyzed by FRET/FLIM. After 6 min, FRET between CaM and L-selectin was equal in both the nontransmigrated and transmigrated parts of the cell, suggesting that L-selectin is protected from shedding at this stage (Fig. 3A) . By 25 min, FRET between CaM-RFP and L-selectin-GFP was significantly reduced in transmigrated pseudopods (Fig. 3B ). In agreement with visualizing polarized (B) Primary monocytes were continually perfused over TNF-activated HUVECs and recorded at four frames per minute under phase contrast (10× objective lens) with an inverted Olympus IX-81 digital time-lapse microscope. To avoid bias, three fields of view were selected before monocyte perfusion. The rate of TEM was expressed as the time taken from initial binding from flow to complete TEM (as shown in A). The total number of cells scored was 93. Measurements were taken from three independent flow experiments and from three different healthy donors. (C) Primary monocytes prelabeled with LAM1-14 were perfused over TNF-activated HUVECs and recorded by timelapse fluorescence microscopy for 25 min. At the halfway point of each flow assay, monocytes were scored as being either above or below the endothelium based on their phase contrast, and were subsequently measured as a percentage of cells expressing L-selectin within these specified compartments (Movie S1). Data were acquired from an average of three independent experiments using at least three fields of view for each assay. A two-tailed, unpaired Student's t test was used for statistical analysis. ***P < 0.001. (D) Unlabeled primary monocytes were perfused over TNF-activated HUVECs for 15 min, followed by 10 min of perfusion with media alone to promote >95% TEM. The glass coverslip (containing HUVECs and adhered/ transmigrated monocytes) was subsequently detached from the flow chamber and immediately fixed in 4% (vol/vol) PFA. Specimens were stained with TRITC-phalloidin (to visualize F-actin) and LAM1-14 (to visualize L-selectin), followed by Alexa 488-conjugated secondary antibody. All images were acquired by confocal microscopy (63× objective lens) at the basolateral aspect of the HUVEC monolayer, capturing only transmigrated monocytes. shedding in primary monocytes ( Fig. 1 and Movie S1), CaM/ L-selectin interaction occurs in a polarized manner and its loss is restricted to the transmigrated part of the THP-1 cell.
L-Selectin S364 Regulates CaM Binding and Shedding in Monocytes.
Human L-selectin possesses two Ser residues that can be phosphorylated following cell activation (28) . Mouse L-selectin and human L-selectin possess a conserved Ser residue at position 364, which hints at mechanistically conserved pathways regulating shedding and possibly CaM binding (Fig. 4A) . To test whether S364 phosphorylation regulated CaM binding in vitro, a fixed concentration of purified recombinant CaM was incubated with a range of peptide concentrations corresponding to the 17-aa tail of L-selectin, phosphorylated at one or both Ser residues. Disuccinimidyl suberate cross-linking of CaM/peptide complexes was detected on polyacrylamide gels as an electrophoretic mobility shift (Fig. 4B, arrowhead) . Densitometric analysis of the retarded CaM/peptide complex revealed that binding was highest with either nonphosphorylated or phospho-S367 peptides. In contrast, phosphorylation at S364 blocked CaM binding almost completely (Fig. 4  B and C) . Phosphorylation at both Ser residues also blocked CaM binding, suggesting a dominant role for S364 in this process.
To determine if similar interactions exist in intact monocytes, THP-1 cells were engineered to stably express CaM-RFP and L-selectin-GFP S364 or S367 Ala or Asp mutations to block or mimic phosphorylation, respectively. Cells were perfused over TNF-activated HUVECs, and FRET between L-selectin and CaM was monitored following 6 or 25 min of perfusion. Of all cell lines tested, S364A L-selectin-GFP and CaM-RFP showed the highest FRET at both time points (Fig. 5 A and B) . Moreover, FRET efficiency remained significantly higher in the transmigrated pseudopod at 25 min, suggesting that L-selectin S364 phosphorylation disrupts CaM binding specifically within transmigrating pseudopods. In support of this conclusion, expression of L-selectin S364D had significantly lower FRET efficiency profiles at both time points in both transmigrated and nontransmigrated regions of the cell (Fig. 5 A and B) .
Interestingly, FRET between CaM-RFP and S367A L-selectin-GFP was significantly lower than in WT in the transmigrated part of the cell at 6 min. This finding may have relevance to a recently reported role for phosphatidylserine in mediating interaction between the tail of L-selectin and the inner leaflet of the plasma membrane, preventing access for CaM binding (29) . Note that at 6 and 25 min, FRET efficiency profiles of the S367D cell line were indistinguishable from FRET efficiency profiles of WT (Fig. 5 A  and B) . The significance of these findings is discussed later. In conclusion, these data provide strong evidence that the CaM/ L-selectin interaction is negatively regulated by phosphorylation of S364.
Blocking L-Selectin Shedding Increases Monocyte Invasion Across
Endothelial Cell Monolayers and Profoundly Alters Cell Polarity. To understand the biological significance of polarized L-selectin shedding better, monocyte transmigration behavior was closely monitored during perfusion experiments. Time-lapse movies of THP-1 cells expressing GFP alone, WT L-selectin-GFP, or ΔM-N L-selectin-GFP were compared on the basis of their protrusive behavior during TEM (Movies S4-S6). To quantify these observations, cells undergoing TEM were scored as having one, two, or multiple protrusions over early (6 min) and later (15 min) time points of continuous perfusion (Fig. S5) . Expression of WT L-selectin-GFP, but not GFP alone, led to a significant increase in the overall number of cells pushing pseudopods beneath the endothelium at 6 min ( Fig. 6A and Fig. S6A ). This observation suggests that during early phases of TEM, L-selectin A two-tailed unpaired Student's t test was used to calculate differences between Top and Base, and error bars represent SEM. **P < 0.01. Lftm is expressed as a pseudocolor scale from red (low lifetime with a very high probability of interaction) to blue (high lifetime with a very low probability of interaction). (lanes 1-9) . All gels were scanned with a Li-COR quantitative IR imaging system and quantified using Image Studio 4.0 software. DBL-PHOS or Dblphos, double phosphorylated peptide; UNPHOS or Unphos, nonphosphorylated peptide.
potentiates invasive behavior in monocytes. By 15 min, the number of pseudopod extensions normalized between WT and GFP-alone cell lines, suggesting that L-selectin shedding at this time point may serve to limit the extent to which monocytes extend pseudopods beneath the endothelium.
Preincubating THP-1 cells expressing WT L-selectin-GFP with 10 μM TAPI-0 (WT + i, where i = inhibitor) led to significantly more cells presenting multiple protrusions (Fig. 6B) , confirming that shedding was involved in curbing the protrusive behavior of transmigrating cells. In addition, significantly more multiple protrusions were also observed in ΔM-N mutant cells at 15 min (Fig.  6B) . Control experiments confirmed that treatment with 10 μM TAPI-0 did not promote the formation of multiple protrusions in transmigrating THP-1 cells expressing GFP alone (Fig. S6 C and D) , implying a specific effect of the inhibitor on blocking L-selectin shedding (Fig. 6C) . Measurement of the subendothelial pseudopod area revealed significant increases in spread cell area, specifically where L-selectin shedding is genetically or pharmacologically blocked (Fig. 6C ), correlating well with the invasive potential of L-selectin during TEM.
Although blocking L-selectin shedding with TAPI-0 in primary monocytes did not alter TEM rate or migration speed, a profound effect on cell shape and polarity was noted (Movie S7). Following TEM, primary monocytes presented with multiple protrusions, which was reminiscent of the phenotype presented by transmigrating THP-1 cells. To quantify these dynamic changes, cell outlines were captured frame by frame across a 25-min period of perfusion (Materials and Methods). The mean cell area of transmigrated monocytes was calculated per frame of every flow assay ( Fig. 6D and Movies S8 and S9). Monocytes treated with DMSO had significantly larger mean cell areas than TAPI-0-treated cells. In contrast, TAPI-0-treated cells had longer cell perimeters and greater "longest axes," suggesting that despite their smaller cell area, they were more irregularly shaped (Fig. 6 E and F) . This observation was further confirmed by assessment of their "shape factor," which defines the roundedness of cells, where TAPI-0-treated monocytes were less round than DMSO controls (Fig. 6G) . Confocal microscopic imaging also confirmed dramatic alteration in cell shape, using specimens that had been fixed and stained following 25 min of perfusion (Fig. S6E) .
To quantify differences in monocyte protrusive behavior, the mean protrusion and retraction areas were calculated from each individual monocyte across three independent flow experiments and values were expressed as a percentage of the total cell area. DMSO-treated cells had significantly larger protrusion and retraction areas compared with TAPI-0-treated cells (Fig. 6H) . This finding would imply the protrusions generated by TAPI-0-treated cells were inherently unstable, which was evident in the time-lapse movie provided in Movie S7. Fig. S6E further supports differences in cell shape between groups. Protrusion/retraction behavior was further quantified over time for three independent flow assays. By normalizing the net protrusion/retraction behavior to zero, it was possible to calculate the extent to which DMSO or TAPI-0-treated cells deviated from the zero line over time (Fig. 6I) . A significant difference in the mean of the residuals was calculated between the two groups, suggesting greater erratic protrusion/retraction behavior in TAPI-0-treated cells as the flow assay progressed (Fig.  6I ). Tracking the cell migratory behavior of transmigrated monocytes revealed DMSO-treated cells had significantly higher persistence in migration compared with TAPI-0-treated cells (Fig. 6J) . These data further demonstrate the impact on migratory behavior as a consequence of disrupted cell polarity.
To exclude any possibility of the inhibitor promoting indirect effects on cell polarity, THP-1 cells expressing WT or ΔM-N L-selectin-GFP were challenged directly with 200 nM CCL2 chemokine (or monocyte chemoattractant protein-1, MCP-1) in micropipette assays (details are provided in SI Materials and Methods). A significantly higher proportion of THP-1 cells expressing WT L-selectin-GFP polarized toward the micropipette needle compared with ΔM-N cells (Fig. 6K and compare Movies S10 and S11). FACS analysis and Western blotting revealed that these responses were not due to aberrant CCR2 expression between cell lines (Fig. S7) . Taken together, the data strongly suggest that blocking shedding of L-selectin has a profound impact on monocyte polarity, even under conditions that do not involve ligand binding of L-selectin.
Discussion
We have used a range of biochemical, cell biological, and advanced imaging approaches to demonstrate that shedding of L-selectin in human monocytes occurs precisely during TEM, and not before. This narrow window of opportunity for polarized L-selectin shedding appears to be critical in regulating monocyte invasion and polarity posttransmigration. As adherent leukocytes occupy valuable space on the inflamed endothelium, they become increasingly involved in actively recruiting bystander leukocytes from flow via leukocyte/leukocyte interaction (30, 31) . This interaction behavior is known as secondary tethering and rolling, which has been observed during acute and chronic inflammatory responses (32, 33) . Because the L-selectin/P-selectin glycoprotein ligand-1 pairing is critical in mediating these events, premature shedding of L-selectin during firm adhesion (or in the nontransmigrated part of the cell) would be detrimental to mechanisms that have evolved to amplify recruitment.
This study affirms L-selectin expression in monocytes is regulated differently between mice and humans. A recent study revealed that L-selectin expression is retained on murine monocytes that have emigrated from blood to the inflamed peritoneum (34) . In contrast, an in vivo human study showed that monocytes lack L-selectin expression following migration into skin blisters (35) . Although the methods used in each study cannot be compared directly, these findings do highlight possible differences that can exist between mouse and human systems. Because our in vitro model lacks the presence of basement membrane, pericytes, and A two-tailed unpaired Student's t test was used to calculate the difference in FRET efficiency (expressed as percentage, y axis) between Top and Base, and error bars represent SEM. *P ≤ 0.05; **P < 0.01; ***P < 0.001. Lifetime is expressed as a pseudocolor scale from red (low lifetime with a very high probability of interaction) to blue (high lifetime with a very low probability of interaction).
tissue resident macrophages, we cannot formally address the effect of L-selectin on monocyte polarity directly in humans. However, recent studies in mice have highlighted the involvement of such cell types and matrix components in directing the movement of posttransmigrated leukocytes to injured or infected cells and tissues (36) (37) (38) .
We show that failure to shed L-selectin during TEM has a profound influence on front/back polarity and directional migration persistence. Venturi et al. (39) used an in vivo chemotaxis model to demonstrate that neutrophils expressing a sheddaseresistant form of L-selectin fail to emigrate far from their exit point compared with WT counterparts (39) . Unlike the present study, the resolution of imaging achieved by Venturi et al. (39) was limited; thus, changes in cell morphology or the timing of L-selectin shedding could not be addressed. Our data may also help to explain why knocking out ADAM17 in vivo increases neutrophil recruitment to a site of bacterial infection (40) , although its failure to resolve the infection better than WT neutrophils could be due to defective migration as a consequence of retained L-selectin expression in these cells. In support of our observations in monocytes, a previous study showed that pretreatment with a related sheddase inhibitor, RO 31-9790, at a dose of 30 μM resulted in normal neutrophil adhesion and transmigration rates under flow conditions (41) . It is possible that these transmigrated neutrophils may phenocopy our observations, despite displaying normal transmigratory behavior. Interestingly, preincubating primary human monocytes with 50 μM GM6001 profoundly decreases the rate of TEM (42), which differs from our observations (Movie S7) and the aforementioned study with neutrophils (41) . This discrepancy may be due to an excess of GM6001 used in the study. Understanding if our observation is unique to monocytes or common to other leukocyte subsets will be an important focus for future studies.
Our data show that WT L-selectin in transmigrating THP-1 cells preferentially clusters below the endothelial monolayer (Fig. 2D) . Clustering of L-selectin could lead to two distinct but interrelated self-limiting events: phosphorylation of S364 (perhaps via activation of protein kinase C) and activation of ADAM17 (possibly via activation of p38 MAPK and phosphorylation of the ADAM17 cytoplasmic tail) (14) . Numerous reports have shown that chondroitin, dermatan, and HSPG decorating the backbone of ECM proteins are credible ligands for L-selectin. These ligands include versican, biglycan, and collagen XVIII (23) (24) (25) (26) . In this report, we verify that biglycan is expressed in HUVECs and is sufficient to support the clustering of WT, but Cells were monitored at 6 min or 15 min of continuous perfusion, and cells pushing protrusions beneath the endothelial monolayer were scored as a percentage of the total number bound at the end of every flow assay. Fig. S5 A and B provides a further breakdown of the types of protrusions that were scored (one, two, or multiple protrusions). The remaining cells adhered to the endothelium with no visible subendothelial protrusions. Data represent mean ± SEM. A two-tailed, unpaired Student's t test was used for statistical analysis. *P < 0.05. (B) Protrusion (PROT) dynamics scored between THP-1 cells expressing ΔM-N L-selectin, or WT L-selectin cells pretreated without or with 10 μM TAPI-0 (indicated as "WT + i" where i = inhibitor in bar graph). Cells forming one, two, or multiple protrusions (1, 2, or 3+) were scored (i-iii) after 6 min of flow or (iv-vi) after 15 min of flow. Data were expressed as percentage of total recruited cells (%TRC) at the end of the flow assay and represent mean ± SEM. A two-tailed, unpaired Student's t test was used for statistical analysis. *P < 0.05; **P < 0.01; ***P < 0.001. Fig. S5 C and D reveals that treatment of THP-1 cells expressing GFP alone with 10 μM TAPI-0 has no effect of protrusion dynamics at 6 or 15 min. (C) Spread area of all subendothelial pseudopods was measured using Volocity software and compared against WT, ΔM-N, and WT + 10 μm TAPI-0 cell lines. A two-tailed, unpaired Student's t test was used for statistical analysis. *P < 0.05. (D) Primary monocytes were perfused over TNF-activated HUVECs for a period of 10 min, followed by continuous perfusion of media for an additional 15 min. Mean cell areas were calculated for each group over three flow assays. The data represent more than 7,000 cells analyzed for each treatment. ***P < 0.001. (E-G) Volocity software was used to calculate the perimeter length, longest axis, and shape factor of nontouching cells during the flow assay. Data represent mean ± SEM. A two-tailed, unpaired Student's t test was used for statistical analysis. ***P < 0.001. (H) Using a bespoke Mathematica script (Materials and Methods), it was possible to measure the protrusion and retraction area of every transmigrated monocyte accurately. Dividing the protrusion or retraction area by the mean cell area (given in graph in D) provided a percentage of the total (Tot.) cell area dedicated to a protrusion or retraction, which is given in (i). Data were acquired from three independent flow assays and calculated for over 7,000 cells. (ii) Color-coded cell represents a monocyte protrusion (P) in green and a retraction (R) in red (Movies S8 and S9 of DMSO and TAPI-0-treated cells, respectively). ***P < 0.001. (I) For every frame of every flow assay, it was possible to divide the mean protrusion area by the mean retraction area. Protrusion/retraction ratios that carried a value of 1 were normalized to 0, meaning any point carrying a positive value carried a net protrusion activity and any point with a negative value carried a net retraction activity. The x axis represents time expressed in frames over the 25-min period of flow. A Mann-Whitney statistical test (based on nonnormal variance), applied to the mean of the residual (MR) values calculated for the DMSO and TAPI-0 groups, reveals significantly higher variance in the TAPI-0 group (*P = 0.011). Orange squares, blue diamonds, and green triangles represent data points from three independent flow assays. (J) Following complete TEM, primary human monocytes were manually tracked and plotted onto circular histograms. All tracks (25 for each group) were positioned on a similar point of origin for comparison. **P < 0.01, Mann-Whitney test. The migration speed did not change between groups (DMSO = 7.6 ± 0.5 μm·min not ΔM-N, L-selectin (Fig. 2) . Ligand density is known to act as a potent driver of shedding (43) (44) (45) , and an increasing gradient of HSPG-like ligands across postcapillary venules could therefore influence L-selectin shedding. Also, a lack of shear stress in the subendothelial space could dramatically influence L-selectin clustering and subsequent signaling events that could feedback to activate ADAM17 locally and drive the shedding response specifically in pseudopods. The C-type lectin domain of the selectins has recently been shown to possess two potentially exclusive sites for binding sLe x and HSPG (46) . Systematic mutagenesis of these regions may identify the predicted HSPG-binding domain on L-selectin as the region responsible for clustering and shedding during TEM.
This report has increased our understanding of how CaM contributes to the shedding response during TEM, and also raises interesting new questions. It is clear from our work that phosphorylation at the conserved S364 site on L-selectin negatively regulates binding of CaM. Additionally, phosphorylation of the nonconserved S367 may be important in regulating the binding of the human L-selectin tail with the inner leaflet of the plasma membrane. An elegant in vitro study (29) recently showed that the inherently negatively charged phosphatidylserine, which resides specifically within the inner leaflet of the plasma membrane, interacts with the highly basic L-selectin tail, and consequently restricts CaM/L-selectin interaction. We found that FRET between S367A L-selectin-GFP and CaM-RFP was significantly lower compared with WT L-selectin-GFP following 6 min of perfusion (Fig. 5A) . We reason that a sustained interaction between S367A and the phosphatidylserine-rich inner leaflet would prevent CaM binding. In contrast, FRET efficiency profiles between WT and S367D L-selectin were identical above and below the endothelium, and across both time points (Fig. 5) . This finding would suggest that phosphorylation of L-selectin at S367 is required to "peel" the tail off from the inner leaflet of the plasma membrane and that S364 phosphorylation is required to block CaM binding. Previous work from Kilian et al. (28) reveals a role for different protein kinase C isozymes in phosphorylating these sites; thus, understanding how this phosphorylation is regulated during TEM would be highly relevant for future study.
TEM is a form of cell invasion, and immune cells are often compared with cancer cells in this regard. It is likely that retention of L-selectin expression during the very early phases of transmigration is required for invasive-type behavior in monocytes. We observed a consistent increase in pseudopod number in THP-1 cells expressing WT L-selectin-GFP at early time points, which decreased as shedding ensued (Fig. 6B) . Although L-selectin is abundantly expressed on most circulating leukocytes, it is not restricted to this cell type. L-selectin is expressed in human trophoblasts, and its role is thought to promote tethering of developing embryos to the underlying endometrium (47) . In addition, it has been postulated that L-selectin may localize to the leading edge of trophoblasts to facilitate attachment to the maternal vasculature as trophoblasts invade the endometrium and chemotax toward their target vessels (48) . This hypothetical view would further support the notion that L-selectin is a proinvasion molecule and that its shedding is required to fine-tune the extent of its participation in invasion during specific cellular events. ERM are known binding partners of L-selectin, are thought to regulate adhesion and shedding, and can act both upstream and downstream of RhoGTPase activation (49) . It is therefore possible that L-selectin/ ERM binding is required for driving multiple protrusions, as seen in the ΔM-N L-selectin-expressing cells. Continued L-selectin/ ERM interaction within subendothelial pseudopods could result in localized activation of Rho-GTPases, leading to localized integrin-dependent adhesion, actin polymerization, and membrane protrusion. Using L-selectin mutants that abrogate interaction with ERM will allow exploration of this mechanism in future studies.
Materials and Methods
Antibodies and Reagents. Unless otherwise stated, all reagents were purchased from Sigma-Aldrich. Generation of the anti-human L-selectin monoclonal antibody (IgG1) LAM1-14 is described in a previous report (16) . The anti-mouse L-selectin monoclonal antibody (IgG1) MEL-14 was purchased from Santa Cruz Biotechnology. Biotinylated sLe x was purchased from Glycotech, and NeutrAvidin was purchased from Pierce. Antivinculin mouse monoclonal antibody was purchased from Sigma-Aldrich. Rabbit antibiglycan and anti-CCR2 antibodies were purchased from Abcam. All Alexa Fluor secondary antibodies were purchased from Life Technologies. Recombinant purified biglycan was purchased from R&D Systems.
Cell Lines. All cell lines were cultured at 37°C, containing 5% CO 2 in a humidified atmosphere. Details of how they were propagated can be found in SI Materials and Methods.
Molecular Biology and Biochemistry. These techniques are detailed in SI Materials and Methods.
FRET/FLIM Analysis. FLIM measurement of FRET was performed with a multiphoton microscope system as described previously. A Nikon TE2000E inverted microscope, combined with an in-house scanner and Chameleon Ti:Sapphire ultrafast pulsed multiphoton laser (Coherent, Inc.), was used for excitation of GFP (at 890 nm). Fluorescence lifetime imaging capability was provided by time-correlated, single-photon counting electronics (SPC 700; Becker & Hickl). A 40× objective (N.A. = 1.3) was used throughout (CFI60 Plan Fluor; Nikon), and data were acquired at 500 ± 20 nm through a bandpass filter (35-5040; Coherent, Inc.). Acquisition times on the order of 300 s at low excitation power were used to achieve sufficient photon statistics for fitting, avoiding either pulse pile-up or significant photobleaching. Data were analyzed as previously described (50, 51) . The FRET efficiency is related to the molecular separation of donor and acceptor and the fluorescence lifetime of the interacting fraction by
where ηFRET is the FRET efficiency, R0 is the Forster radius, r is the molecular separation, τFRET is the lifetime of the interacting fraction, and τd is the lifetime of the donor in the absence of an acceptor. The donor-only control is used as the reference against which all of other lifetimes are calculated in each experiment. τFRET and τd can also be taken to be the lifetime of the interacting fraction and noninteracting fraction, respectively. Quantification of FRET was made from all pixels within each cell that was analyzed. All image collection and data analysis were performed using TRI2 software (developed by Paul Barber, Gray Cancer Institute, London, United Kingdom).
Parallel Plate Flow Chamber Assays. All flow experiments were performed using a flow chamber 35 mm in diameter that was engineered by Glycotech. All perfusion experiments were performed at 1.5 dyn/cm 2 using a Harvard Apparatus 2000 PHD syringe pump. Perfusion media consisted of RPMI supplemented with L-glutamine, 10% FCS, 1% penicillin/streptomycin, 50 μM β-mercaptoethanol, and 25 mM Hepes. HUVECs were seeded onto glass coverslips 35 mm in diameter (no. 1 thickness; VWR) precoated with 10 μg·mL −1 fibronectin. Before each perfusion assay, HUVECs were stimulated overnight (16 h) with 10 ng·mL −1 carrier-free recombinant human TNF-α (R&D Systems). Each perfusion assay was performed under times specified in Results. THP-1 cells were perfused at a density of 0.5 × 10 6 cells per milliliter, and primary monocytes were perfused at a density of 1 × 10 6 cells per milliliter. Monocytes treated with 10 μM TAPI-0 required a preincubation time of 10 min at 37°C before perfusion over TNF-activated HUVECs. Note that the perfusate would also contain 10 μM TAPI-0. Note that in Fig. S6 C and D, TAPI-0 did not alter protrusive behavior in THP-1 cells lacking L-selectin.
Coperfusion experiments performed in Figs. S2F and S6E (for labeling primary monocytes) were used to monitor recruitment between two different cell lines. Cells were preloaded with 1 μM Cell Tracker Green or Orange (both from Molecular Probes, Life Technologies) for 10 min in neat RPMI containing 25 mM Hepes for 10 min at 37°C. Labeled cells were harvested by centrifugation and mixed in equal quantities. Mixed cell populations were counted under green and red fluorescence channels to verify that they were indeed mixed to 1:1 ratios. Any deviations from this ratio were noted and used to normalize the total number of cells scored in coperfusion assays. Cell Tracker dyes were swapped periodically between cell lines, and between experiments, to ensure the dyes did not have any adverse effect on recruitment per se.
For confocal analysis, coverslips were detached from the flow chamber at the end of each flow assay and immediately submerged in 4% (vol/vol) PFA solution for 10-15 min at room temperature. Cells were washed four to five times in PBS to remove excess PFA and permeabilized for 3 min in icecold PBS containing 0.1% (vol/vol) Nonidet P-40 substitute (Fluka). After gently washing off the permeabilization buffer, coverslips were blocked in 10% FCS containing FcR block (Miltenyi Biotec Ltd.) overnight at 4°C. Specimens were then labeled with appropriate primary and secondary antibodies and relevant dilutions (diluted in similar block solution). Note that a PBS wash, followed by a blocking step, was included between primary and secondary antibody staining. Coverslips were finally washed four to five times in PBS and mounted onto glass slides using fluorescence mounting medium (Dako).
The rolling assays shown in Fig. S2E were performed as previously published (52) . In brief, NeutrAvidin was immobilized onto the bottom of sixwell dishes and blocked using 5% (vol/vol) BSA in PBS. Biotinylated sLe x was added in excess to each well at a concentration of 1 μg·mL −1 .
Image stacks from phase contrast channels of time-lapse movies were imported into Wolfram Mathematica 10 for processing and analysis. Images were thresholded using the in-built command "LocalAdaptiveBinarize." Thresholded image stacks were then partitioned into overlapping pairs and combined into an RGB (Red-Green-Blue) color image using a third blank image for the blue channel. Overlapping objects in these RGB images consisted of red pixels, green pixels, and yellow pixels. Red pixels correspond to objects that were present in the first image, but not in the second, and to regions of retraction. The green pixels correspond to objects present in the second image, but not in the first, and to regions of protrusion. Yellow corresponded to objects present in both images. Yellow pixels were converted to gray so that regions of overlap could be differentiated more easily from protruding and retracting regions. Because some of the objects present in these protrusion/retraction maps were either large endothelial cells that had shifted slightly or much smaller monocytes that had not yet transmigrated, a selection protocol was devised to remove unwanted objects. To be selected, objects had to have red and green pixels to suggest active protrusion/retraction; there also there had to be an area of overlap, but that overlap was restricted to less than 90%. Next, pixel counts for objects had to be larger than a defined value but less than double this size. Because monocytes were migrating appreciable distances in all observed cases, a final selection process was used to remove objects that had not moved more than a few pixels. Selected objects were then analyzed for the number of red, green, and gray pixels and exported for further analysis in Excel (Microsoft Corp.).
Tracking of Transmigrated Primary Monocytes. For analysis of cell speed and persistence, cells were manually tracked using ImageJ (NIH), and migratory parameters were calculated using a Mathematica notebook written and provided by G. A. Dunn and G. E. Jones, Kings College, London, United Kingdom. A more comprehensive documentation of how the analysis was undertaken can be found in a report by Ahmed et al. (53) .
All other methods are described in SI Materials and Methods.
